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rpfigs-REFEREM ™ ™ RELATED APPLICATION 
This regular U.S. application is based on and claims the 
benefit of U.S. Provisional patent application serial No. 
60/067,308, filed December 4, 1997, the entire disclosure of 
which is relied upon and incorporated by reference -herein. 

Errrnr™mp nT? THF - TNVENTI0N 

The present invention concerns a method for selecting a 
m olecule, and kit thereof, a method for screening a molecule, 
and kit thereof, and a signal amplification system comprising 
a bacterial multi-hybrid system. 

The present, invention relates to a signal amplification 
system comprising a bacterial multi-hybrid system, and more 
preferably a two-hybrid system, of at least two chimeric 
polypeptides containing a first chimeric polypeptide 
corresponding to a first fragment of an enzyme and a second 
chimeric polypeptide corresponding to a second fragment of an 
enzyme or a modulating substance capable of activating said 
enzyme, wherein the first fragment is fused to a molecule of 
interest and the second fragment or the modulating substance 
is fused to a target ligand, and wherein the activity of the 
enzyme is restored by the interaction between the said 
m olecule of interest and the said target ligand, and wherein 
signal amplification is generated. 
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„ present invention also relates to a method of 
The present i „, h i e of binding 

molecule of interest, which is capable 

— - — - — - :: 

^■f -interest ana un^ 
molecule of inter invention, 

•„„al amplification system according to 

----- ^ of stlmulati ng or inhibiting 
scteenin g for a stance ^ ^ ^ m _ ie ^ 

th e interaction between a target 

t vherein respectively the stimulating 
interest, wherein amplification 

• »rtivity is detected with a sign 
inhibiting activi by means of generating a 

!• « +-n the invention, 
system according to the triqg ering or of 

signal amplification and respective o ^ ^ 

polishing transcriptional ^^nal 
amplification and said triggered 

Ration are compared with those obtained 

Ification system without any substance, 
signal amplification y cneclf i c protein- 

M ost biological processes involve speci 

■ , General methodologies to identity 
prot ein -cuo, G e interactions _ _ 

interacting proteins or to s 

• Plv developed. Among them, the yeast 
extensively devel h tQ 

,iv represents the most powerful 
currently repres target 

for polypeptides that could bxnd to g 
screen for polyp coworkers 

otein Originally developed by Field 
protexn. * 2 45-6; chien , C. T 

n (1989) Nature 34U, 
[Fields, S. & Song, 0. (19* 



0» 



i^o q (1991) Proc. Natl. 
Bartel, P. L.. Stern g lan Z , B. . ml*. S. 

Acad Sci. BSA.M, 9578-82. Two American Patents n 5.283.173 

5 „,.614 panted on member 21.1995 (Fields, S. * Son 9 . 0., 

a ' re also inco.po.ated by reference,, it utiles hybrid g enes 

to cetect protein-protein interactions by means of direct 

acti vation of a reporter- g ene expression (Allen. J. B.. 

_ j — . c t (1995) Trends 
W alber g . H. Awards. M. C. S Elle^e, S. J. 

. h sci 20 511-6; Transy. C. « L*»in. P. (1995) 

Biol. Rep. 21, 119-27.). 

In essence, the two putative protein partners are 
g enetically fused to the D N A-bindin g domain of a transcription 
factor and to a transcriptional activation domain, 
respectively. A productive interaction between the two 
pr0 teins of interest will hrino. the transcriptional activate 
domain in the proximity of the D N A-bindin g domain and will 
trigg er directly the transcription of an adjacent reporter 
gen e (usually lac, or a nutritional marker, 9 ivin g a 
screenable phenotype. As there is evidence that the 
inscription can be activated through the use of two 

■ „f » transcription factor: a domain that 
functional domains of a transcrip 

domain that is necessary for activation, as reported by Kee g an 



■ o 231 699-407 and Ma and Ptashne (1987) 
et al. a 986 > Science 231 ' 

Cell 48, 847-853. 

■ *. =i (Rossi F. , Charlton, C. A. & 
Recently, Rossi et al. (Rossi, 

desc ' ribed a di^rent approach, a ^alian "two-hybrid- 
s', w-ch uses ,-galactosidase cementation ,1-nn, 
system, 1-13) to 

« h T (1968) J- Mol. Biol. 32, 1 "I 
A Jacob, F. & Monod, J ■ 

alitor protein-protein * Krti o M in intact 



cells. 



, , , r p (19 85) Science 228, 1315-7; 
Phage display (Smith, G. P. 

c ' 1-h G P (1990) Science 249, 386-90) and 
Scott, J- K. & Smith, G. P. 

r J Wang, Z. X. * Weissman, 
a cc 3V (Germino, F. -J-/ «<*uy, 
double-taggmg assay \w 

; tetnative appMaches tQ _ complSX lilies « 

(or di rect interact wit* a ,iven U.ana. However, t h ese 

. s d o not anew an in vivo selection of the relevant 

techniques do nor au- 



clones 



ft „ot h er approacn is aescr ib e d in tne Xnternational Patent 
vacation ».« 96/40987 <Sch.tz.P. a. et .1.,.-^ 
^ vi.es »~ peptiae lories ana ,et h o d s £ or 9 enera tl n 9 
L screenin, paries to iaentifv peptic t h at «, 
r eceptor .olecuies of interest, incl.ain, entities. Tne 
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peptide library is constructed so that the DHA binding 
protein-random peptide fusion product can bind to the 
recombinant DNA expression vector that encodes the fusion 
product that contains the peptide of interest. The method of 
generating the peptide library comprises the steps of (a) 
constructing a recombinant DNA vector that encodes a DNA 
binding protein and contains binding sites for the D N A binding 
protein; (b) inserting into the coding sequence of the DNA 
binding protein in a multiplicity of vectors of step (a, 
coding sequences for random peptides such that the resulting 
vectors encode different fusion proteins, each of which is 
composed of the DNA binding protein and a random peptide; .(c) 
transforming host cells with the vectors of steps «b> , and (d, 
culturing the host cells transformed in step <e> under 
conditions suitable for expression of the fusion proteins. 
Typically, a random peptide library will contain at least 10^ 
to 10 - different members, although library sizes of 10' to 10" 

can be achieved. 

A novel variety of approach is defined in the 

mternational Patent Application »• WO 96/29429 (WicKens, M. . 

Pields, S.) related to a hybrid system to detect protein- R NA 
interactions using the same method of achievement as recited 
in tne two above-mentioned American patents. This hybrid 
system has a first hybrid protein comprising a DNA-binding 
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• n , second hybrid protein 
domain and a first ^-bindxn, doma.n, a sec 

omprising a transcriptional activation doma.n and a second 
C ° mPr 9 . _ . hybrid RNA. The interaction between 

finding doma.n. and hyb ^ ^ 

both the first RNA-binding domarn and hy 

a hhP hvbrid RNA causes tne 
second RNA-binding domain and the hybn 

• arHv ate transcription of 

transcriptional activation domarn to activate 

th e detectable gene. 

Bartei, P. L- Bo.ckl.in, J. A.. 

r .f 12 12-71 extended the approach o£ 

that 

typ ical two-hybrid system consisting n a no , ^ 
forms a part of a 0—, domain hy r ^ ^ 
Ub rary of .11 possible proteins present as 
, ti vation domain hybrids, using the genome of the 

hage T7 such that a second library of all possible 
bacteriophage T7, sue an3lvze d 
pto teins is fused to the 0 W -binding domain to be ana lye 
Th is genome-wide approach to the two-hybrid searches 
Identified 2* interactions among the proteins of T . 

SUMMARY OF THE INVENTION 

Th e aim of the present invention is to provide a novel 
serial multi-hybrid system, and more preferabiy = ^ 



fused to two complementary fragments of a catalytic domain of 
an enzyme, which provides significant advantages over the 
prior art. 

Thus, the present invention provides a signal 
amplification system comprising a bacterial multi-hybrid 
system, and more preferably a two-hybrid system, of at least 
two chimeric polypeptides containing a first chimeric 
polypeptide corresponding to a first fragment of an enzyme and 
a second chimeric polypeptide corresponding to a second 
fragment of an enzyme or a modulating substance capable of 
activating said enzyme, wherein the first fragment is fused to 
a molecule of interest and the second fragment or the 
modulating substance is fused to a target ligand, and wherein 
the activity of the enzyme is restored by the interaction 
between the said molecule of interest and the said target 
ligand, and wherein a signal amplification is generated. 

This system allows an easy in vivo screening and 
selection of functional interactions between the target ligand 
and the molecule of interest. 

A genetic test is based on the reconstitution, in a 
■ specific enzyme deficient bacteria, of a signal transduction 
pathway that takes advantage of the positive control exerted 
by a signaling molecule. Association of the target ligand and 
the molecule of interest results in functional complementation 
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between the two chimeric polypeptides and leads to the 
signaling molecule synthesis. The signaling molecule then 
triggers transcriptional activation of catabolic operons, of a 
gene conferring resistance to antibiotics, of a gene encoding 
for a toxin or of a color marker, such as a fluorescent marker 
of the type of the Green Fluorescent Protein (GFP) that yields 
a characteristic phenotype. In this genetic test of screening 
and/or selection, the involvement of a signaling cascade 
offers the unique property that association between the 
chimeric polypeptides can be spatially separated from the 
transcriptional activation readout. This permits a versatile 
design of screening procedures either for ligands that bind to 
a given "bait", as in the classical yeast multi-hybrid system, 
or for molecules or mutations that block a given interaction 
between two proteins of interest. 

Furthermore, because the signal amplification system 
according to the invention involves the generation of at least 
one signaling molecule, also called regulatory molecule, the 
physical association of the two putative interacting target 
ligand and molecule of interest can be spatially separated 
from the transcriptional events that are dependent on 
regulatory molecule synthesis. This means that the interaction 
between a target ligand and a molecule of interest under study 
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v nlace in the vicinity of the 
4. no pd to take place iu 
does not need ^ ^ ^ yeast tw0 . 

tr anscription finery as ^ ^ 

ac described above. Hence, 

analyze more par ^ 

— - - — 1 ptesent mention over the P*- 

Rnot her advantage of P versatlle as 

• that this bacterial system rs partrcu 

. h . lity of both positive and ne,atrve 
it offers the possrbrUty £or 

. , positive selection means bacter 
selections. Posr lact ose or maltose, 

example, on minimal medium contain, lac 

. of qrowth. 

native selection means arres ^ ^ ^ ^ 

The present — u capab le of 
se lectin, a molecule of rnteres ^ ^ ^ 

' to a ta,et 1,- " heieinthe :^U g and is detected 
mo lecu!e of interest and the sard tar, 

by means of 5 enerati,a a s.cnal ampl 
tI anscri P tional activation. 

The present invention also re inhib itina. 
. for a substance capable of strmulatrno 
screenrn, for . molecule o£ 

the interaction between a tar, 

■« rhP stimulating or tne 
interest, wherern the to 

ls aetected with a sional ampHr-tron 



the invention, by means of generating a signal amplification 
and triggering transcriptional activation, an, wherein said 
signal amplification and said triggering transcriptional 
acti vation are spared with those obtained fro* an identical 
signal amplification system without any substance. 

The present invention also provides a Kit for selecting a 
mol ecule of interest, wherein said Kit comprises: 

(a) a signal amplification system according to the 

invention; 

«r- a bacterial strain, or an 

(b ) an E. coli strain, or a bacten 

euKaryotic cell deficient in endogenous adenylate cyclase.- and 

, c , a medium allowing the detection of the 
complementation selected from the group consisting of 
neater or selective medium, for example, as minimal medrum 

me dium with antibiotics, medium to visualise fluorescence. 

presence of the phage receptor. 

Further, the present invention also provides a Kit for 
selecting a molecule of interest, wherein said Kit comprises: 

,., a signal amplification system according to the 
invention, wherein the molecule of interest is a mutant 
mol ecule compared to the Known wild type molecule; 
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, b) a signal amplification system according to the 
invention, wherein the molecule of interest is the known wild 
type molecule as the control; 

' (e) E. eoli strain, or in any bacterial strain deficient 
in endogenous adenylate cyclase, or any other eukaryotic cell; 

td ) a medium allowing the detection of the 
complementation selected from the group consisting of 
indicator plate or selective medium as minimal medium 
supplemented with lactose or maltose as unigue carbon source 
m edium with antibiotics, medium to visualize fluorescence, 

pre sence of the phage receptor for each signal amplification 

system; and 

,., means for detecting whether the signal amplification 
syst em with the mutant molecule is enhanced or inhibited with 

i amn1i fication system with the wild type 
respect to the signal amplification sy 

molecule . 

The present invention also provides a Kit for screening 
for a substance capable of stimulating or inhibiting the 
interaction between a target ligand and a molecule of 
interest, wherein said kit comprises: 

(., a signal amplification system according to the 
invention with the substance capable of stimulating or 
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inhibiting the interaction between a target ligand and a 

molecule of interest; 

(b ) a signal amplification system according to the 
invention without any substance as the control; 

(C ) E. coli strain, or in any bacterial strain deficient 
in endogenous adenylate cyclase, or any other euXaryotic cell 
and; 

(d) a medium allowing the detection of the 
complementation selected from the group consisting of 
indicator plate or selective medium as minimal medium 
supplemented with lactose or maltose as unique carbon source, 
medium with antibiotics, medium to visualize fluorescence, 
conventional medium, and medium which allows the sorting by 
the presence of the phage receptor; 

(e) means for detecting whether the signal amplification 
system with the substance is enhanced or inhibited with 
respect to the signal amplification system without any 
substance. 

According to one embodiment of the present invention, the 
signal amplification system comprises a bacterial multi-hybrid 
system, and more preferably a two-hybrid system, containing a 
first chimeric polypeptide corresponding to a first fragment 
of an enzyme, a second chimeric polypeptide corresponding to a 
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second fragment of an enzyme or a modulating substance capable 
o£ activating said enzyme, and a substance capable of 
stimulate or inhibiting the interaction between a target 
ligand and a molecule of interest. 

The present invention also provides a method of screening 
for a substance capable of stimulating or inhibiting the 
interaction between a target ligand and a molecule of 
interest, wherein the stimulating or the inhibiting activity 
is detected with a signal amplification system according to 
the invention, by means of generating a signal amplification 
and triggering transcriptional activation, and wherein said 
signal amplification and said triggering transcriptional 
activation are compared with those obtained from an identical 
signal amplification system without any substance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Th is invention will be described in greater detail with 
reference to the drawings in which: 

Figur e 1 depicts the principle of an coll mu^-hybrid 
^.t- based on functional completion of the catalytic 
aomain of Bordetella adenylate cydase <CyaA> fragments. 

The upper part schematizes the basic principle of in vivo 
complementation between the two fragments of the catalytic 
domain of B. pertussis adenylate cyclase. The two boxes 
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repr esent the T 2 S and Tie foments corresponds to amino 
a cids 1 to 224 and 225 to 399 of the CyaA protein. In A, the 

lessee, in E.eoli, exhi.it, a basal calmodulin-independent 

synthesi , 1B B, the two .talents T25 and when 
coexpressed as in d epen d ent polypeptides, are unable to 
int eract an d no c» synthesis occurs. In C, the two ^ 

. , practin q proteins, X and Y, are 
, c fused to two mteracuiny y 
fragments, ruseu 

bro u 9 ht into ciose proximity results in functional 
complementation, foUowe d by CAMP production. 

The lower part schematizes the readout of the 

r roli cya strain 
complementation. cAMP, .ynth..«.d xn an E. 

by th e complement^ T2 5 and T!B pairs, binds to the 

„,„ cap The cAMP/CAP complex (C) 
catabolite activator protein, CAP. 

can then recent specie promoters and switch on the 
inscription o f the correspond^ 9 enes. These reporter 
g enes can be either natural Scenes, such as 
Us, or synthetic ones, such as antibiotic resistance 9 ene S 
fused to a cAMP/CAP dependent promoter. 

Figur e 2 is a septic representation of piasmids. 
Th e open boxes represent the open readino frames of »- 
lac tamase <«., and chloramphenicol acetyl transferase ,«.« 
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«nri to the open reading frame of 
^ The dark boxes correspond to the P 
ge ^ k tow The hatched boxes 

vaA - with codon nur^ers indicated below. 

CY ■ , -nn site sequences (MCS) that are 

a tn the multicloning site seq 
correspond to ^ frame 

f P d at the indicated position o£ the cya 

-of the plasmids is indicated by 
Th e origin of replication of the pi 

dotted boxes. repre sentations of 

,, ig . 3.1 and Fig. 3-2 are schemata 

othor plasma. plas mids, with 

Th e left part represents the maps of the p 

h d ferent antibiotic-selectable makers (chloramphenicol 

a y • . •„ „ f replication and tne 

. and (5-lactamase (Ma), the origin of repl 
' , ■„„ site sequences (MCS) relative to 

th e multicloning site seq 
position of the m describes 

T25 and T18 open reading frames. The rig 
' of the multicloning site sequences 

t he nucleotide sequence of the 

, to T25 (Fig . 3.2) or T18 (Fig. 3.1) and 
(MCS) fused to T25 It 19 

~r rirrn - — - 

„ith the bacterial two-hybrid system, 
proteins with r plasmids 

DHPI cells were ^transformed with a mixtur P 

■ and PT18-Tyr, and either P T25 (M or P T25 ,ip 
PT18. pTW-zip, and PT18 ^ 
(B) , plated on L B-X-Cal agar plates cental m ? 
am picillin and chloramphenicol and incubated 
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i=rner than the cya 
- that the cya + colonies are larger 
30°C. Note that tne ^ 

, to the -napping of interacting domains of 
Fig 5 relates to the ma PF 
„ s .t—tl— tyrosyl-t»* synthetase. 

dina the indicated polypeptide segments 

MROTntSenC th r<then^s respond to the 
o£ t he tyrosyi— -nthetase 

aml no acid residues, «ere ampUf *d y ^ 

complementation corresponding 

„ DHP1 cells co-transformed with the 
assayed on DHPi ccj-x 

h measuring the p-gaiactosidase actrv.ty. 
pl asmids by measure int<srao ting domains of 

Fig . 6 reiates to the »appxng of »f 

, per— o ^ segments 0£ 

DNA £ ragments , ^ 

BvgA (the numbers correspond 

h hv PCR using appropriate pr 
" d , - functionai computation he«een 

pKI2 5 and/or p 0 T«SC ^ ^ ^ _ 

th e indicated chimeric protean ^ ^ 

transformed with the corresponds piasmrd 
r nalactosidase activity. 
■ ^ DETAILED —«» - - — 
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Thu s, the present invention provide, a novel signal 
amplication system in E^riCl. coli, in «nic h -e 
pto teins or interest are genetically fused to two 
complementary .agents o £ t h e catalytic domain o £ Bor.e el.a 
pertu ssis adenylate cyclase ladant, 0. (».., J. Cne*. 
263 ' 2612-2618, Ladant, D., Micnelson, S., Sarfati, R. 8.. 

„ <. Blrzu 0. (1989) J- Biol. 
Gilles, A.-M., Predeleanu, R. & Blrzu, 

Cl,e.. 264, 40X5-4020). 

B pertussis produces a calmodulin dependent adenylate 
cy clase to*in encoded t, t h e cya* gene (Kewlett, .. L.. W». 
M . A .,Manclar k , C. R. & Wolff, a. ,1976, Proc. 

o T*rf»nt, D.r Sezer, 0., 
c ■ r; S A 73, 1926-1930; Glaser, P., Ladant, 
Sex. [/.£>• a- '^f 

7A Mol. Microbiol- 

Pichot, F. , Ullmann, A. * Danchxn, A. (1988) 

2 19 _ 30 ; Mock, H. * ~, A. (1993) Trends Kicrobiol. 1, 

1 ; 7 „ 192 , Th e catalytic domain is locate, witUn the first 

. , nf this 17 06 residue-long protein (Ladant, D., 
400 amino acids of this i/uo 

c ^rfati R S., Gilles, A.-M., Predeleanu, R. 
Michelson, S., Sarfati, 

n (1989) J- Biol. Chem. 264, 4015 4U^u, 
Blrzu, 0. u? o:? ' 

n Pichot F., Ullmann, A. & Danchin, A. 
Ladant, D., Sezer, 0., Pichot, 

(l988) Mol.MicroMol.2, 19-30). It exhibits a high 

calr ,dulin ( Ca M ),andalowbut detectable activity - 
s . x) in the absence of this activator (Ladant, D. (1938) J. 
Biol . Che,. 263, 2612-2618; Wolff, J.. Cook, G. H., 
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« i q a (1980) Proc. Natl. Acad- 

Goldhammer, A. R. s Berkowitz, S. A. (198") 

Sci. USA. T7, 3841-3844). 

Biochemical studies revealed that the catalytic domain 
can be proteolytically cleaved into two complementary 
fragments, T25 and TIB, that remain associated in the presence 
of CaM in a full, active ternary complex (Ladant, D. (1988) J. 
Biol. Chem. 263, 2612-2618; Ladant, D., Michelson, S., 
Sarfati, R. S.. Gill... A.-M., P-deleanu, R. . B!rzu, 0. 
(1989) J. Biol. Chem. 264, 4015-4020; Munier, H., Gill... A. 
M , G laser, P., Krin, C, Danchin, A., Sarfati, R. & Barzu, O. 
(1991 > £ ur. J. Bloch-. IM. 469-74). In the absence of CaM. 
the mixture of the two fragments did not exhibit detectable 
activity suggesting that the two fragments are not ab!e to 
^associate to yield basal CaM-independent activity. 

The two complementary fragments, T25 and TX8, that are 
b0 th necessary to form an active enzyme, in the presence of 

j • 77 n nii as separated entities, are 
CaM when expressed in E. coll as sepa 

unable to recognize each other and cannot reconstitute a 
functional enzyme. However, when T25 and T18 are fused to 
peptides or proteins that are able to interact, 
neterodimerization of these chimeric polypeptides results xn 
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actional complementation between the adenylate cyclase 

fragments. 

Mh en expressed in an adenylate cyclase deficient E. coir 
strain (E. eoZi lacks CaM or Ca M -related proteins), the T25 
and T18 fragments fused to putative interacting proteins 
associate and lead to CAMP synthesis (Fig. 1) . 

infraction between a target ligand and a molecule of 
interest results in functional complementation between the two 
adenylate cyclase fragments leading to cAKP synthesis, which 
in turn can trigger the expression of several resident genes. 
0sing this assay, one can select specific clones expressing a 
protein that interacts with a given target by a simple genetic 
screening . 

The present invention provides a signal amplif icatron 
sy stem comprising a bacterial multi-hybrid system, and more 
pre£ erably a two-hybrid system, of at least two chimerrc 
polypeptides containing a first chimeric polypeptide 
^responding to a first fragment of an enzyme, and a second 
chimeric polypeptide corresponding to a second fragment of an 
en2yme or a modulating substance capable of activating sard 
enzyme, wherein the first fragment is fused to a molecule of 
interest and the second fragment or the modulating substance 
ts £us ed to a target ligand, and wherein the activity of the 
enzyme is restored by the interaction between the sard 
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xnolecule of interest and the said target ligand, and wherein a 
signal amplification is generated. 

"Signal amplification system" means a system involving 
the interaction between at least two chimeric polypeptides 
leading to the production of a large number of signaling 
molecules . 

"Signal amplification" means, in the present invention, 
that the number of signaling molecules is higher than the ■ 
number of chimeric polypeptides that produced it. 

The first fragment and the second fragment are issued 
from the same enzyme or not. In any case, the first and the 
second fragments are distinct from each other even if they are 
issued from the same enzyme. For example, the fragments are 
from residues 1 to 224 and 225 to 399 from B. Pertussis 

adenylate cyclase. 

A fragment issued from the enzyme comprises between 20 
and 400 amino acid residues and more preferably 200 
consecutive amino acid residues. 

"Modulating substance" refers to a substance capable of 
activating or inhibiting an enzyme, which is an activator, 
natural or not, of the enzyme a fragment thereof, or a 
derivative of the activator; the enzyme having a modulating 
substance-binding site. In a preferred embodiment of the 
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, latiM subs tance is a natural activator as, 

, lnn the modulating suu=> 
invention, i- 11 ^ 

-i « 1-he calmodulin, 
for example, the c Hc;tan ce are fused, 

, a nd the modulating substance a 
The fragments and the 

. lv t0 the molecule of interest or to t 
respectively, to i described herein 

of aenetic recombination as descri 
Ugand by means of genet 

fter A proteolytic cleavage site can 
after. * f . qenetxc 

to the well known techniques, in 9 
according to the ^ & 

construction between a fragment th ^ 

• terest in order to eliminate easily, 
° £ inte . bv restriction enzyme the 

- h - i9 :\:::::r;:i:-o t intent. 

tta9m ;: :ielle o £ interest can be detected .or example f rom 

„mic or synthetic random DN* libraries. 
cDNR, genomic, „, t ivity means that an 

The restoration o£ the en.ymatic activl 

• 4- r \ c; recovered. 
" aCt reltion between the molecule o £ interest and the 
Th e interacti recognition which 

vv^i- there exists a recuy 

interest and the target ligand. ^ 
According to the invention, the enzyme 

consisting oi adenylate cyclase and guanylate 
the group consisting Bord etella 



enzyme . 
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ln one specie of tne resent 

^ u th e catalytic d»ain o £ Bordetella adenylate cyclase 

H thin t h e first 400 a«ino acid residues of t*e 
(CyaA) located withxn the 

adenylate cyclase toxin. ^ 

The present invention also concerns a fir.t 9- 
. _ d £ragm ent, — are any conation o t ^ ~ 
the sa.e en^e, -** * -o functionally interac « * 
na tural activator of said en^e b y restorin, its actrv ^ 

«f the invention the first 
According to one embodxment of the 

«. selected from the group 

and the second fragments are select 

consisting of : 

o£ cya, and a fra g ,ent T 1S correspond!, to a,ino acrds 

399 of CyaA; ' f 

(b) . t ra gm ent correspond^ to a n ino acr o 

cyaR and a f ra^ent correspond!, to a.ino acds ^ 

CyaAl (c) a fra^ent correspond!, to a m ino acids 1 to 13, of 
cyaR Ld a fra gm ent correspond to a m ino acids 133 to ,00 of 

(d) a fra gm ent correspond!, to a mi no acids 1 to 31, of 

( } -a* ^ifi to 400 of 

CyaA and a f—t correspond!, to a.ino acrds 

CyaA; and 
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u « r nrotein and forskolin. 
association with molecules, such as, G protein 

wording to a preferred embodiment of the invention, the 
£irs t and the second fragments are a fragment T25 
corresponding to amino acids 1 to 22* of BordeteHa pertussis 
Cy aA and a fragment T18 corresponding to amino acids 225 to 
399 of Bordetella pertussis CyaA. 

wording to the invention, the modulating substance is a 
nat ural activator, or a fragment thereof, of the enzyme, 
specific embodiment of the invention, the natural activator rs 
che calmodulin <Ca M , , or a fragment thereof, and said first 
fragment is mutated compared to the wild type enzyme. The 
fragment of calmodulin is about 70 amino acids long, 
corresponding preferentially, to residues 11 to 148 of 

mammalian calmodulin. 

according to another aspect, th* invention also concerns. 
. £lrs t fragment, which is a mutated fragment of the catalytic 
d omain of BordeteHa adenylate cyclase <Cya R) . "Mutated 

„«-e *t least one mutation in the 
fragment" means that it presents at least 

fraoment in combination with a 
polynucleotide sequence, said fragment 

* »n then in vivo functionally interact only m 
second fragment can then an vx 

the presence of the natural activator. 
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The signal amplification system according to the 
invention comprises a bacterial multi-hybrid system 
containing: 

,., a first chimeric polypeptide corresponding to a 

first fragment of an enzyme; 

(b) a second chimeric polypeptide corresponding to a 
second fragment of an enzyme or a modulating substance capable 

of activating said enzyme; and 

(c , a substance capable of stimulating or inhibiting the 
interaction between a target ligand and a molecule of 
interest, wherein the first fragment is fused to a molecule of 
interest and the second fragment or the modulating substance 
is fused to a target ligand. and wherein the activity of the 
enzyme is restored by the interaction between the sard 

signal amplification is generated. 

another aspect of the present invention consists » a 
nethod of selecting a molecule of interest, which is capable 
of binding to target ligand, wherein the interaction between 
th e said molecule of interest and the said target ligand is 
oetected with a signal amplification system according to the 
invention, by means of signal amplification which triggers 
t ranscri P tional activation, and is guantified by measuring the 
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synthesi s of the signaling molecule or the expression of the 

reporter gene. 

Thi s .ethod of selecting a molecule of interest allows 
action of a molecule capable of interacting directs with a 

predetermined target ligand. 

The signal amplification corresponds to the products 
. signaling molecule. This signaling molecule is an y molecule 
capable of leading to a signaling cascade reaction. 

In a preferred embodiment of the invention, the srgnal.ng 
mo lecule corresponds to the synthesis of cAMP. 

In another preferred embodiment of the invention, the . 
signaling molecule corresponds to the synthesis of c G MP. 

Th e transcriptional activation leads to a reporter gene, 
expression of which is selected from the group consisting of 
g ene coding for nutritional mar.er. such as lactose or 
m altose,. gene conferring resistance to antibiotics such as 
ampicillin. chloramphenicol, *anamycin, or tetracycUn; a gen 
_ding for a toxin, a color marker, such as, foreseen 
m ar.er of the type of the Oreen Fluorescent Prote.n 

such as phage S receptor, U»S, and any other gene giving a 

selectable phenotype. 

According to a preferred embodiment of the invent.cn, 
cAMP, upon binding to CAP, is able to activate the 
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allowing the bacteria to 

inscription of cataboli. operons, 

^ ^ ~* - - itose ° r uctos : ; _ 

a , a *r at the bacterial surface. This signal 
35 . • this bacterial multi-hybrid 

, i f ication system comprising this bacteri 
amplification interactions between 

• „hle to reveal, for example, interactl 

(tyrosyl tRNA 

small peptides <GO>4 leucine zipper, 
synthetase,^ eu*aryotic proteins .yeast 

C0I " PleX) ' .. ,-»ssettes in which any 

accordingly, specific reporter cassettes 

£ interest is fused to a cRMP/CRP dependent promoter 

d T hus to facilitate the screening and the 
be designed. Thus, to 

selec tion of complex libraries, the construction of . 
S ll ple action system using an antibiotic resistance gene 

in ba cteria, under the control of a c^P-dependent 

chemical compounds or mutations that abolish a „x~ 

traction between the target ligand and a molecule of 

t according to this construction, when association 
interest. Accorainy 

the target ligand and a molecule of interest taKes 
between the target y 

place , cM P will be produced, the expression of the 
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.ill be switched on, and the cells will be killed. A 
substance capable of stimulating or inhibiting the interaction 
between the target ligand and the molecule of interest and 
that abolishes interaction will shut down toxin gene 
expression and will enable the cells to grow. An easy 
selection for substances that abolish interaction between the 
target ligand and the molecule of interest. is resistance to 
phage 8. The phage receptor, the LamB protein, is the product 
of the 1«B gene, which is part of the maltose regulon. 
therefore its expression requires cAMP. In consequence, cells 
producing CAMP wil! lyse when infected with 8 vir. Substances 
that abolish interaction between the target ligand and the 
m olecule of interest will abrogate cAMP synthesis and bacteria 
wil l become resistant to phage 8. As a result, the cells will 
grow. 

Another selection scheme for compounds or mutations that 
abolish a given interaction could be designed by constructing 
a strain that harbors a selectable marker (i.e. a gene 
conferring resistance to antibiotics such as ampicillin 
chloramphenicol, kanamycin, tetracyclin, etc., under the 
transcriptional control of a promoter that is repressed by 
CAMP/CAP. such CAMP/CAP repressed promoter can be engineered 
by introducing a synthetic CAP binding site within the 
promoter region as shown by Morita et al. ,«orita T, Shigesada 

27 



K KWfflk a,,M ta , ,1968,. "Regulatory effect of a 
syn thetic CRP recognition seance place, downstream of a 
mnter « Nucleic Acids Res. 16:7315-32). 

' r -onal Patent Applications „• WO 96/23898 

The International Patent *w 

(T hastru P 0. et al, and „• «0 97/11094 ..hastrup 0 et alO 

e s P ectively, mating to a .ethod of detecting biolog^. 

..substances as Green rluorescent Protein ( 0,P, , and h e 

. • wn M/07463 (Chalfre M. 
mternational Patent Rpplicatron n «0 97/07 

„ f get are herein incorporated by 
et al.) describing the uses of GFP, 

re£ erence, and a novel variant of GrP. 

In one specific illustration of the present invents, 
th e .ethod of selecting a .olecule of interest consists in a 
slgna l a mP Ufication syste,, which prises a bacter.al 
multi -hybrid syste, of at least two distinct frag^ts of 
enzyme , uh ose en^atic activity is restored by the 
intera cticn between the said .olecule of interest and the 

~r,-hc: 3 re anv combination or 
target ligand. The two fragments are any 

fragments from the enzyme, i- vit« functional 

int eract wit, the natural activator of said enzyme *y 

restoring its activity. 

recording to the method of Meeting a molecule of 

pnt inven tion, the fragments are selected 
interest of the present invention, 

from the group consisting of : 
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,a) a fragment T25 corresponding to amino acids 1 to 224 
o£ CyaA and a fragment 118 corresponding to amino acids 225 to 
399 of CyaA; 

(b) a fragment corresponding to amino acids 1 to 224 of 
CyaA and a fragment corresponding to amino acids 224 to 384 of 

CyaA; 

( c) a fragment corresponding to amino acids 1 to 137 of 
CyaA and a fragment corresponding to amino acids 138 to 400 of 

CyaA; 

(d , a fragment corresponding to amino acids 1 to 317 of 
CyaA and a fragment corresponding to amino acids 3» to 400 of 

CyaA; and 

,., two fragments from eukaryotic adenylate cyclase in 
association with molecules, such as G protein and forsKolin. 

And more particularly, the fragments are a fragment T25 
corresponding to amino acids 1 to 224 of Bordetella pertussis 
CyaA and a fragment T18 corresponding to amino acids 225 to 
399 of Bordetella pertussis CyaA. 

In another specific illustration of the present 
invention, the method of selecting a molecule of interest 
consists in a signal amplification system, . which comprises a 
nacterial multi-hyhrid system of at least a first fragment of 
a„ enzyme and a modulating substance, whose activity, which » 
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an enzymatic activity, is restored by the interaction between 
the said molecule of interest and the said target ligand. 

in both of the above illustrations of the present 
invention, the enzyme is selected from the group consisting of 
adenylate cyclase and guanylate cyclase from any origin, and 
m0 re preferably the enzyme is the catalytic domain of 
Bordetella adenylate cyclase (CyaA, located within the first 
400 amino acid residues of the adenylate cyclase toxin. 

The target ligand according to the invention is selected 
from the group consisting of protein, peptide, polypeptide, 
receptor, ligand, antigen, antibody, DNA binding protein, 
glycoprotein, lipoprotein and recombinant protein. 

"Peptide" or "polypeptide" or "protein" refers to a 
polymer in which the monomers are alpha amino acids joined 
together through amide bonds. Peptides are two or often more 
amino acid monomers long. Polypeptides are more then ten 
amino acid residues. Proteins are more than thirty amino acid 
residues. Standard abbreviations for animo acids are used 
herein (see Stryer, 1988, Biochemistry, Third Ed., 
incorporated herein by reference) . 

"DNA Binding Protein" refers to a protein that 
specifically interacts with deoxyribonucleotide strands. A 
sequence specific DNA binding protein binds to a specific 
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sequence or family c£ specific sequences showing a high degree 
of sequence identity with each other (e.g., at least about 80% 
sequence identity, with at least 100-fold greater affinity 
than to unrelated sequences. The dissociation constant of a 
sequence-specific DNA binding protein to its specific 
sequence (s, is usually less than about 100 nM, and may be as 
low as 10 nM, l.nM. 1 pM. or 1M. A nonsequence specific HA 
binding protein binds to a plurality of unrelated DHA 
sequences with a dissociation constant that varies by less 
than 100-fold, usually less than tenfold, to the different 
sequences. The dissociation constant of a nonsequence 
specific DNA binding protein to the plurality of sequences is 
usually less than about l = m. In the present invention, DNA 
binding protein can also refer to an R«A binding protein. 

••Recombinant protein" refers to a protein made up of at 
least two separate amino acid chains, which are naturally not 
contiguous. For example, any fusion protein like Lac 
r epressor- P -galactosidase, any protein or polypeptide like the 
tyrosyl-tRNA synthetase like leucine zipper derived from 
protein GCN4. 

According to the method of selecting a molecule of 
interest of the present invention, the molecule of interest is 
capable of interacting with the target ligand and possibly of 
binding to said target ligand. 
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In a specific embodiment c£ the method o£ selecting a 
molecule of interest of the present invention, the molecule of 
interest is a mutant molecule compared to the known wild type 
molecule, and said molecule of interest is tested for its 
capacity of interacting with the target ligand. 

The present invention further relates to a kit for 
selecting a molecule of interest, wherein said kit comprises, 

, a) a signal amplification system according to the 
invention; 

, b) an E. coll strain, or any bacterial strain deficient 
in endogenous adenylate cyclase, or any other eukaryotic cell; 

and 

,c) a medium allowing the detection of the 
complementation selected from the group consisting of 
indicator plate or selective medium as minimal medium 
suppl emented with lactose or maltose as unigue carbon source, 
or medium with antibiotics, or medium to visualize 
£1 uorescence, conventional medium, and medium which allows 
sorting by the presence of the phage receptor. The indicator 
plate is, for example, a MacConkey agar medium supplemented 
with lactose or maltose. 
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A ba cterial strain deficient in endogenous adenylate 
synthesis. 

The present invention also relates to a Ut for select.no 
a molecule of interest, wherein said Ut comprises: 

,„ a signal amplification system according to the 
invention, wherein the molecule of interest is a mutant, 
molecule compared to the known wild type molecule; 

(b) a signal amplification system according to the 

i „f interest is the known wild 
invention, wherein the molecule of interest 

type molecule as the control; 

(c) s . con strain, or any bacterial strain deficient in 
oogenous adenylate cyclase or any other eukaryotic cell: and 

(d) a medium allowing the detection of complementation 
sel ected from the group consisting of indicator or selective 
med ium as minimal medium supplemented with lactose or maltose 
a s unigue carbon source, medium with antibiotics, medium to 
dualize fluorescence, conventional medium and medium which 
all ows the sorting by the presence of the phage receptor for 
each signal amplification system; and 

(e) means for detecting whether the signal amplification 
sys tem with the mutant molecule is enhanced or inhibited with 
respect to the signal amplification system with wild type 



molecule. 



The present invention inches a molecule of interest 
identified by «- ^hod o t selecting a molecuie of interest 
according to the present invention. 

The present invention further includes a molecule 
interest corresponding to a polynucleotide capa b ie of 

Ugand coupled with an enzyme or a fragment thereof. 

fh er aspect, the invention also concerns 
According to another aspect, 

,„„ for a substance capable of stimulating 

or inhibiting the interaction between a target 
mol ecule of interest, wherein the stimulating or the 

detected with a signal amplification 
inhibiting activity is detectea 

. . tc the invention, by means of generating a 
system according to the in 

si gnal amplification and triggering transcriptiona 
nation, and wherein said signal amplification and ~ ^ 
triggering transcriptional activation are compared with to. 
JL* - an identical signal amplification system wrthout 

any substance. 

Th e method of screening for substance capable 
Simulating or inhibiting the interaction between a target 

, „f interest allows the choice of a 
Ugand and a molecule of interes 

_ 3 Hvp1v or even not actmy 
substance acting positively or negatively 

in this interaction. 
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In the method of screening for a substance capable of 
stimulating the interaction between a target ligand and a 
molecule of interest according to the invention, the signal 
amplification corresponds to the production of a signaling 
molecule and the transcriptional activation leads to a 
reporter gene expression. 

in the method of screening for substance capable of 
inhibiting the interaction between a target ligand and a 
molecule of interest according to the invention, the signal 
amplification corresponding to the production of a signaling 
molecule is blocked or partially abolished and the 
transcriptional activation leading to a reporter gene 
expression is also blocked or partially abolished. 

in one specific illustration of the present invention, 
the method of screening for a substance capable of stimulating 
or inhibiting the interaction between a target ligand and a 
molecule of interest, consists in a signal amplification 
system, which comprises a bacterial multi-hybrid system of at 
least two distinct fragments of an enzyme, whose enzymatic 
activity is restored by the interaction between the said 
molecule of interest and the said target ligand. The two 
fragments are any combination of fragments from the enzyme, 
which in vitro functionally interact with the natural 
activator of said enzyme by restoring its activity. 
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According to the method of screening for substance 
capable of stimulating or inhibiting the interaction between a 
target ligand and a molecule of interest of the present 
invention, the fragments are selected from the group 

consisting of : 

(a) a fragment T25 corresponding to amino acids 1 to 224 
of CyaA and a fragment T18 corresponding to amino acids 225 to 
399 of CyaA; 

(b) a fragment corresponding to amino acids 1 to 224 of 
CyaA and a fragment corresponding to amino acids 224 to 384 of 
CyaA; 

(c) a fragment corresponding to amino acids 1 to 137 of 
CyaA and a fragment corresponding to amino acids 138 to 400 of 
CyaA; 

(d) a fragment corresponding to amino acids 1 to 317 of 
CyaA and a fragment corresponding to amino acids 318 to 400 of 
CyaA; and 

(e) two fragments from eukaryotic adenylate cyclase in 
association with molecules, such as G protein, and forskolin. 

And more particularly, the fragments are a fragment T25 
corresponding to amino acids 1 to 224 of Bordetella pertussis 
CyaA and a fragment T18 corresponding to amino acids 225 to 
399 of Bordetella pertussis CyaA. 
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In another specific illo.tr.tion of the present 
mention, the methoa of screening for . stance 
stimu lating or inhibiting the interaction between a target 

! ^ interest, consists in a signal 
Ugana ana a molecule of multi - hy bria 
amp lification system which co.pr.ses a 

, at least a first fragment of an enzyme ana a 
system of at least « „.„ ■ 

plating stance, „hose activity, which is an enzymatrc 

activity, is restorea by the interaction between the sa.a 
m olecule of interest an d the saia target ligana. 

In b oth of the above illustrations of the present 
invention, the enzyme is selectea from the group consist.ng of 
aden ylate cyclase ana guanylate cyclase from any or^n, 

ratalvtic domaxn or 
mor e preferably the enzyme „ the cataly 

i c» (CvaA) located within the first 
Bordetella adenylate cyclase (CyaA) 

• acid residues of the adenylate cyclase toxin. 
400 amino acid resia 

a taraet ligand and a molecule of 
the interaction between a target lig 

< « elected from the group 
interest, wherein the substance is selected 

— — — — — ";r;r, r..« 

The present invention also proves a 
£or a substance capable of stimulating or inhibiting the 
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interaction between a target ligand and a molecule of 

interest, wherein said kit comprises: 

(a) a signal amplification system according to the 
invention with the substance capable of stimulating or 
inhibiting the interaction between a target ligand and a 

molecule of interest; 

(b ) a signal amplification system according to the 
invention without any substance as the control; 

{C ) E. coli strain, or in any bacterial strain deficient 
in endogenous adenylate cyclase, or any other eukaryotic cell; 
and 

(d ) a medium allowing for the detection of the 
complementation selected from the group consisting of 
indicator plate or selective medium as minimal medium 
supplemented with lactose or maltose as unique carbon source, 
medium with antibiotics, medium to visualize fluorescence, 
conventional medium, and medium that allows the sorting by the 
presence of the phage receptor; and 

(e) means for detecting whether the signal amplification 
system with the substance is enhanced or inhibited with 
respect to the signal amplification system without any 
substance. 
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The present invention includes a substance capable of 
stimulating or inhibiting the interaction between a target 
Ugand and a molecule of interest identified by the method of 
screening for a substance capable of stimulating or inhibiting 
the interaction between a target ligand and a molecule of 
interest according to the present invention. 

According to a preferred embodiment of the invention, the 
selection and the screening are performed in an E. coli 
strain, or in any bacterial strain deficient in endogenous 
adenylate cyclase, or any other eukaryotic cell. 

Functional analysis of B. pertussis adenylate cyclase 
activity can be easily monitored in an E. coli strain 
deficient in endogenous adenylate cyclase. In E. coli, cAHP 
bound to the transcriptional activator, CAP (catabolite 
activator protein, , is a pleiotropic regulator of the 
expression of various genes, including genes involved in the 
catabolism of carbohydrates, such as lactose or maltose 
(Ullmann, A. * Danchin, A. (1983, in Advances in Cyclic 
„tide search (Raven Press, New York,, Vol. vol. 15, pp. 
L53, . Hence, E. coli strains lacking cAMP are unable to 
ferment lactose or maltose. When the entire catalytic domain 
of CyaA (amino acids 1 to 399, is expressed in ft. coli cya 
under the transcriptional and translational control of lacZ 
(plasmid PDIA5240, , its calmodulin-independent residual 
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activity is sufficient to complement an adenylate cyclase 
deficient strain and to restore its ability to ferment lactose 
or maltose (Ladant, D., Glaser, P. . Ullmann, A. (1992, J. 
Biol. Ch— ™. 2244-2250). This can be scored either on 
indicator plates (i.e. LB-X-Gal or MacCcnkey media 
supplemented with maltose, or on selective media (minimal 
ra edia supplemented with lactose or maltose as unique carbon 
source) . 

The fact that the genetic tests according to the 
invention are carried out in E. coll greatly facilitates the 
screening as well as the characterization of the interaction 
between the target ligand and the molecule of interest. 
Firstly, it is possible to use the same plasmid constructs to 
screen a library to identify the molecule of interest, also 
cailed a putative binding partner, to the target ligand, also 
called a given "bait", and then to express the target ligand 

1= of interest in order to characterize their 
and the molecule of interest 

interaction by in vitro binding assays. 

secondly, the high efficiency of transformation that can 
be achieved in E. coU, allows the analysis of libraries of 
high complexity. This is particularly usefu! for i, the 
screening and the selection of peptides from a library made 
from random DNA sequences that present an affinity for a given 
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ba it protein, and ii) the exhaustive analysis of the networK 
o£ interactions between the proteins of a given organism 
(B artel, P. L., RoecKlein, J. A. , SenGupta, Fields, S. 

(1996) Nature Genetics 12. 72-7; Fremont, R. M.. Rain, J. C. . 
Legrain, P- (1997) Nature Genetics 16, 277-82). 

The present invention further relates to a polynucleotide 
sequence coding for a signal amplification system according to 
tne invention, wherein the polynucleotide sequence codes for a 

a+- ipast two chimeric 
bacterial multi-hybrid system of at least 

polypeptides containing: 

(a) a first chimeric polypeptide corresponding to a 
£lE .t fragment of an enzyme fused to a molecule of interest; 

and 

, b) a second chimeric polypeptide corresponding to a 
second fragment of an enzyme or a modulating substance capable 
o£ activating said enzyme fused to a target ligand. 

T „e present invention also relates to a polynucleotide 
sequence coding for the signal amplification system according 
to tne invention, wherein the polynucleotide sequence codes 
£or . bacterial multi-hybrid system containing: 

(a) a first chimeric polypeptide corresponding to a 
£ir st fragment of an enzyme fused to a molecule of interest; 
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(b) a second chimeric polypeptide corresponding to a 
second fragment of an enzyme or a modulating substance capable 
of activating said enzyme fused to a target ligand; and 

( c) a substance capable of stimulating or inhibiting the 
interaction between a target ligand and a molecule of 
interest. 

This invention will be described in greater detail with 
reference to the following examples. 

F.xample 1 

DHPl is an adenylate cyclase deficient (cya) derivative 
of DHl (F-, glnV44(AS), recAl , endAl,gyrA96 (NaV) , thil, 
hsdRH, spoTl, 'rfbDD (25), and was isolated using 
phosphomycin as a selection antibiotic (Alper, M. D. * Mes, 
B. N . (1978) J. Bacterid. 133, 149-57). Growth media used 
were the rich medium LB or the synthetic medium M63 (Miller, 
j. H. (1972) Experiments in molecular genetics (Cold Spring 
Harbor Laboratory, Cold Spring Harbor, N.Y.)> supplemented 
with 1% carbon source. Antibiotic concentrations were as 
follows: ampicillin 100 mg/ml and chloramphenicol 30 mg/ml. 
Screening for the ability to ferment sugars was performed 
either on MacConkey agar plates containing 1% maltose, or on 
LB plates containing 40 mg/ml X-Gal (5-Bromo-4-chloro-3- 
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indolyl-b-D-galactopyranoside) and 0.5 mM IPTG (Isopropyl-b-D- 
thiogalactopyranoside) . 

Example 2 

Plasmid P KT25 (3445-bp) is a derivative of the low copy 
vector pSU40 (expressing a kanamycin resistance selectable 
marker) that encodes the T25 fragment. It was constructed as 
follows: a 1044-bp Hindlll -EcoRI, fragment of pT25 was first 
subcloned into pSU40 linearized with Hindi I I and EcoRI, 
resulting in pKT25L. pKT25 was generated from pKT25L by 
deleting a 236-bp Nhel-Hindlll fragment. 

Plasmid pUTlB (3023-bp) is a derivative of the high copy 
number vector pUC19 (expressing an ampicillin resistance 
selectable marker and compatible with pT25 or pKT25) that 
encodes the T18 fragment (amino acids 225 to 399 of CyaA) . In 
a first step, we constructed plasmid pUC19L by inserting a 24- 
bp double -stranded oligonucleotide ( 5 • - ATTCATCGATATAACTAAGTAA- 
3- [SEQ ID No.: 1]) and its complementary sequence) between 
the EcoRI and Ndel sites of pUC19. Then, a 534-b P fragment 
harboring the T18 open reading frame was amplified by PCR 
(using appropriate primers and P T18 as target DNA) and cloned 
into pUC19L digested by EcoRI and Clal (the appropriate 
restriction sites were included into the PCR primers) . In the 
resulting plasmid, pUT18, the T18 open reading frame is fused 
in frame downstream of the multicloning site of pUC19. This 
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plasmid is designed to create chimeric proteins in which a 
heterologous polypeptide is fused to the N-terminal end of T18 

(see map) . 

Plasmid pUTlBC (3017-bp) is a derivative of pUC19 
(expressing a ampicillin resistance selectable marker and 
compatible with pT2S or pKT25, that encodes the TIB fragment. 
It „as constructed by subcloning the same 534 -bp 
fragment harboring the T!8 open reading frame described above 
into PUC1SL linearized by HindXH and PstI (the appropriate 
restriction sites were included into the PCR primers) . In the 
resulting plasmid, pUnBC, the TIB open reading frame is fused 
i„ frame upstream of the multicloning site of P UC»L. This 
plasmid is designed to create chimeric proteins in which a 
heterologous polypeptide is fused to the C-terminal end of Tl. 

(see map) . 

Plasmid pKT25-*iP (3556-bp, is a derivative of pKT 25 that 
was constructed by inserting a BN, fragment (PCR-amplif ied 
using appropriate primers, encoding the ieucine zipper region 
o£ GCN4 into pKT25 cleaved by Kpnl, as described above. 

Plasmid pUT18-zip (3125-bp, is a derivative of p OT 18 that 
was constructed by inserting a 114bp MA fragment (PCR- 
amplified using appropriate primers, encoding the leucine 
2i pper region of GCN4 into. pUTIB linearized by Kpn! and EcoRI 
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P1 asmid pm.C-.iP (3119-W is a derivative of pUTlBC 
that was constructed bv inserts tbe ^ ~ 
e „codi„ g the «« ieucine zipper described above rnto pUTU 
linearized by Kpnl and EcoRI 

TCvam ple 3 

Briefly, a cAMP-biotinylated-BSA conjugate was coated on 

a n«n «mecific protein binding sites were 
ELISA plates and non-specitic p _ 

block ed with BS,. Boiied bacteria! cuitures were then added, 
lowed bV dieted rabbit anti-c»P antiserum in SO - Hepes 

on mnqT buffer) containing iu 
nH 75 150 mM NaCi, 0.1% Tween 20 (HBST butte 

! 9/ml «. - — — - ^ t ;; 1 i r were 

ucct then qoat anti-rabbit lg^ 
washed extensively with HBST, then g 

u v,*t- aae (AP) was added and incubated 
coupled to alkaline phosphatase (AP) 

v.- ^ rp activity was revealed 
for 1 hr at 30°C. After washing, the AP activi y 

by 5 ,.para-nitrophenyl phosphate. cAMP concentrations were 
cal culated fro. a standard curve established with Known 
concentrations of cAMP diluted in LB .ediu.. 

V.vam ple 4 

Two compatible plasttids (derived fro, P*CYC184 and 
pB1 uescript-Xl-KS, t h at express either the T25 f ra gm ent 

fr ao. m ent correspond^ to a.ino acids « S to 3 99 were 

constructed. * - <— " 

end of T25 to facilitate construction of fusions witn forer 9 n 

proteins. Similarly, t h e ,18 frao,ent was fused in fra TO e to 
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,Iac2 of pBluescript-II-KS downstream of its multicloning 

siteK (Figure 2) . 

The two plasmids, P T25 and P T18, were co-transformed In 

DHP1, a cya derivative of the E. coli strain DH1 (Hanahan, D. 
, 1983 , J. Mol. Biol. 166, 557-80), and plated on MacConkey 
ag ar supplemented with maltose. As expected, no spontaneous 
complementation between the two isolated (independently 
expressed) fragments could be detected in vivo: all the 

was transformed with a plasmid expressing the full catalytic 
domain, all colonies were red (Table 1) . 

To test whether functional complementation between T25 
and T18 could be brought about by fusing them to interacting 
proteins, there was inserted, within the muiticloning site of 
ooth P T25 and pT18, a DNA sequence that codes for a 35 amino 
acid long leucine zipper derived from protein GCN4, a yeast 
transcriptional activator (Blondel. A. . Bedouelle, H. (1991. 
Protein Engineering 4, 457-61, . When the resulting plasmids, 
pT2 5-zi P and P T18-zip, were co-transformed in OHP1 and plated 
on Ma cConkey/maltose media, the resulting colonies became red 
after 24-30 hours of growth at 30°C (Table 1) . 

control experiments were carried out in which pT25-zip 

, ... „~ nfi or D Ti8-ziP was co-transformed 
was co-transformed with pT18, or pl« zak 



46 



with PT25. None of the transformants exhibited 
complementation, demonstrating that the functional 
complementation of T25-zip and T18-zi P was mediated by the 
interaction of their leucine zipper motif. The efficiency of 
complementation could be further quantified by measuring in 
liquid cultures, either cAMP levels or (i-galactosidase 

activities (Table 1) . 

Adenylate cyclase activities of the different 
transformants were measured in cell extracts in the presence 
of CaM that binds tightly to T25 and T18 fragments to form the 
active adenylate cyclase complex. As shown in Table 1, only 
the extract from DHPl/pT25-zip/pT18-zip exhibited a 
significant enzymatic activity. The lacx of activity in the 
extracts of the three other types of transformants indicates 
that, at least one. of the two complementary fragments of 
adenylate cyclase was missing, most probably as a consequence 
of its in vivo proteolytic degradation. Therefore, it would 
appear that the association of T25-zip and T18-zip. through 
their leucine zipper motif, not only resulted in their 
functional complementation, but also in their stabilization. 
Stabilization of protein fragments (a and w peptides, through 
complementation (ullmann, A., Jacob, F. . Konod. J. (1968) J. 
„ol. Biol. 32, 1-13) has also been observed for B- 
galactosidase. 
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Exam ple 5 

Screening for in vivo protein-protein interactions by 
using functional cementation of T25 and T18 was carried 



out . 



The goal was to examine whether the complementation 
between T25 and T18 could be used to analyze interactions 
between proteins larger than the 35-residue long leucine 
2ipP er motif. A DNA fragment that encodes the ^-terminal part 
(residues 1 to 290, of the dimeric tyrosyl tRNA synthetase 
from Bacilli stearothermophilus (Guez-Ivanier, V. S 
Bedouelle, H. (1996, J. Hoi. Biol. 25S. 110-120, was subcloned 
in to the multicloning site of plasmids P T25 and pT18. The 
resulting plasmids, P T25-TyrRS and pT18-TyrRS, when co- 
transformed in DHP1, yielded red transf ormants on 
MacConKey/maltose. The transf ormants synthesized cAMP and 
expressed P -galactosidase (Table 2, . Control transformations 
confirmed that the TyrRS moiety was responsible for the 
functional complementation between T25-TyrRS and T18-TyrRS. 
Fu rthermore, no complementation occurred when T25-TyrRS was 
cotransformed with P T18-zip or vice versa. This demonstrates 
that the complementation was dictated by the specificity of 
recognition of the polypeptides fused to the two fragments, 
T25 and T18. 
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v. m iTable 2) that the bacterial multi- 
It was further shown (Table i\ 

,a ^r± interaction between the yeast 
hybrid system could detect 

sp lici„ 9 actors *pU and erp 2 l » - ^ 

Actively, that was previously characterized m the yea 

r F , r (1993) Science 262, 

, Tflnrain p. & Chapon, C. 
two-hybrid assay (Legrain, 

. j nne w ates that this bacterial 
108-10) . This demonstrates "cna 

reveal association between 
complementation assay can reveal 

eukaryotic proteins. 
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To mimic a screening procedure, plasmids pT18-zip and 
pT1 8-TyrRS were mixed with about a 5-fold excess of P T18 and 
co-transformed this mixture in DHP1 with either P T25 or P T25- 
zip The transformants were plated on LB-X-Gal. All the 
colonies co-transformed with pT25 were white (Fig. 3,. Around 
20% of the colonies were blue when the cells were co- 
transformed with the mixture of P T18 derivatives and P T25-zip. 
The plasmid DNAs of these clones were further analyzed by 
re striction mapping. As expected, the blue colonies among the 
bacteria co-transformed with P T25-zip harbored only pT18-zip. 

In another series of experiments, pTie-zip was mixed with 
. 1,000 fold excess of pT!8 and this mixture was transformed 
in DHP1 harboring P T25-zip and plated on MacConxey/maltose . 
Thr ee red colonies were identified among about 3,000 white 
ones . Plasmid DNA analysis of the Mal + clones confirmed the 
presence of pT18-zip. Transformation of the same mixture of 
pT 18-zip/pT18 into DHP1 harboring P T25 gave no Mai- clones out 
of 10,000 analyzed (data not shown). These results indicate 
that the functional complementation between the adenylate 
cyclase fragments could be used to identify interacting 

proteins in E. coli. 

Finally, an examination was made to determine whether the 
complementation between T25 and T18 could be used in a 



52 



selection procedure rather than using the screening described 
above DHP1 bacteria cotransformed with complementing 
plasmids ^S-zip/piM-zip or pT25-Tyr R S/ P T18-Tyr R S, were 
able to crow on minimal media supplemented with lactose or 
maltose as unigue carbon sources, while bacteria cotransformed 
ui th non-complementing plasmids (P T25-zip/pTI 8-TyrBS or P T25- 

TyrRS/pTl ,8-zip) did not grow. 

To determine whether this selection could be used to 
identify interacting proteins among an excess of non- 
interacting ones, the following "model screening" was 
performed on selective media: DHP! bacteria harboring P T25-Z 1P 
and P T 18 -zip (expected phenotype: Lac', were mixed with a 10- 
excess of DHPl/pT25/pT18 (expected phenotype: Lac), and then 
10' ceils from this mixture were plated on minimal media 
supplemented with lactose plus antibiotics. After 4-5 days at 
30 . c 100 to 200 Lac' colonies appeared. Plasmid DM analysis 
indicated that 18 out of 20 of these colonies tested harbored 
p T 2 5 -zip and pT18-zip, When 10' DHPl/ P T25/pT18 cells were 
pl ated on minimal media/lactose, about 10 colonies were 
detected: these cells appeared to represent spontaneous 
r evertants of 0HP1 to a Lac' phenotype (due to either reversion 
of cya" to cya> or to cAMP/CRP independent lac promoter 

, . screening" demonstrates that bacteria 

mutations) . This "model screeniny 

expressing specific interacting proteins fused to the 
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adenylate cyclase fragments could be selected among a large 
number (here a lO'-fold excess) of irrelevant clones. 

TVxam ple 6 

A further test was carried out to determine whether 
functional complementation could be obtained when the 
interacting polypeptide is fused at the c-terminus of T18 
rather than at its N-terminus. Two new plasmids derived from 
the P UC19 vector were constructed for this purpose. In pOTie, 
the T18 polypeptide is fused in frame downstream -to the 
mu lticloning site of P 0C19, whereas in P UT1 8 C, the T18 
polypeptide is fused in frame upstream of the multicloning 
site. A DNA fragment encoding the leucine zipper of GCN4 was 
then cloned in frame into both P UT18 and P"T18C to yield 

pUT18-zip and pUT18C-zip. 

As shown in Table 3, cotransf ormation of DHP1 with pT25- 
zi p and either pUT18-zip or pUT18C-zip led to functional 
complementation. This indicates that interacting polypeptides 
could be fused at both ends of the T18 fragment with the same 
complementation efficiency. Similar results were obtained 
(Table 3) when the T25-zip chimeric protein was expressed from 
. psu40 derivative that expresses the kanamycin resistance 
selectable marker (pKT25-zip) . 
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Tab le 3: comparison of orientation between H-terminal and 

C-terminal fusion proteins 



Plasmids 

P T25 + pT18 
pT25-zip + pUT18-zip 
pT25-zip + P^T18 
pT25 + pUT18-zip 
pT25-zip + pUT18-zip 
pT25-zip + PUT18C 
pT25 + pUT18C-zip 
pT25-zip + pUTl8C-zip 
pKT25-zip + pUT18 
pKT25 + pUTl8-zip 
pKT25-zip + pUT18-zip 
pKT25-zip + PUT18C 
pKT25 + P UT18C-zip 
p KT25-zip + pUT18C-zip_ 



Phenotype on 
MacConkey/maltose 

White / 7 2 hrs 

Red / 26 hrs 
White / 72 hrs 
White / 72 hrs 

Red / 26 hrs 
White / 72 hrs 
White / 72 hrs 

Red / 26 hrs 
White / 72 hrs 
White / 72 hrs 

Red / 26 hrs 
White / 72 hrs 
White / 72 hrs 
Red / 26 hrs 



ft-galactosidase 
units /mg dry weight 



bacteria 
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5100 
ND 
ND 

6180 
ND 
ND 

6100 
ND 
ND * 
ND 
ND 
ND 
ND 



ir> tr at- 30°C in the presence of 
Bacteria were grown m LB at i i 

appropriate antibiotics. 
ND: not done. 
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Example 7 

The bacterial two-hybrid system was used to analyze 
interactions between various sub-domains of the dimeric tyrosyl- 
tRNA synthetase from B. stearothennophilus , (TyrRS) , which is a 
symmetrical dimer (Brick, P. and D. M. Blow (1987) J Hoi. Biol. 
194,2 87-297). Its monomer is composed of two domains. 
Deletion of the C-terminal domain (321-419) of TyrRS produces a 
truncated ATyrRS which activates tyrosine as the full-length 
molecule but is no longer able to bind the cognate tRNA. The 
truncated AtyrRS (1-320) forms a dimer that closely resembles the 
wild-type one. 

The crystal structure of the dimeric ATyrRS revealed that 
each monomer contains two structural domains: an a/P domain (1- 
220) containing six-stranded (J-sheets and an a-helical domain 
(221-320) containing five helices (Brick, P. and D. M. Blow 1987) 
J. Mol. Biol. 194,287-297). The dimer is formed by the 
association of a hydrophobic surface encompassing residues 128- 
167 within the a/P domain of each subunit. 

To analyze interactions between various sub-domains, 
different fragments of the TyrRS polypeptide (generated by PCR 
using appropriate primers) were fused in frame with either the 
T25 or the T18 fragment and the resulting chimeric proteins were 
tested for functional complementation in DPH1 . The results, 
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summarized in Fig. 5, -ealed 3 ^ ° f ^«~ tl °»" 

between the TyrRS .oncers or between the TyrRS sub-domains: 

1) Dimerisation through the «/» domains as can be seen xn 
the crysta x structure of TyrRS . For instance, the chimeric 
pro tein T 18-TyrRSl-249, which harbors only the «/ P domain, can 
full y complement T25-TyrRSl-333. which contains both the «/p and 
„ domains. Previous studies have shown that introduction o £ 
charged residues into the hydrophobic subunit interface or 
di meric TyrRS induces reversible dissociation .Ward, W.H.a., H. 
aones, and A- R. Ferscht ,1987, Biochemistry ««, 1131-4138,. 
Confirmation that a point mutation that converts Phel64 to Arg 
abolishes the interaction between the «„ domains ,as shown by 
the absence of functional complementation, has been made. 

2) Dimerisation through the a domains, which has not been 
previously predicted from the crystal structure of TyrRS. 
Analysis of complementation between various fragments indicated 
th at this dimerisation is mediated by the C-terminal region of 

c,. x This r eqion contains a pseudo leucine 
the (a domain (Fig. 5.)). This regio 

zipP er motif «IXL on « made of 3 ieucine residues at 

positions 298, 305, and 312. The same segment can also mediate 
a specific interaction with the GCN4 leucine-zipper (Fxg. 5, . 

3, infraction between the «/» domain and the a domain. 

This study illustrates the interest of the bacterial two- 
hybrid in defeating interacting domains of proteins and shows 
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t hat it could reveal interactions, which occur in vivo and that- 
„ere not expected fro* the three dimensional structure. 

v.vam ple 8 

The two-hybrid system was also used to analyze the 
dimerization of a BW-bindin, protein from B.pertussis, Bvo A . 
Bvg A is a transcriptional relator, which in B.pertussis 
controls the expression of virulence-associated genes. It » 
a member of the bacterial two-component si g nal transduction 
family, together with its connate sensor protein, BvgS 
(S carlato .t .1. «~ Nad. Acad. Sei. ^ 87:6,53). 

Ihe transmembrane BvgS is autophosphorylated in response to 
en „iron„emental signals and subsequently phosphorylates BvgA. 
Bvg A. in its phosphorylated form, can bind to specific OKA- 
seances within the promoter of several virulence genes and 
activates their transcription. Several studies previously 
sug gested that BvgA might have the capacity to dimerrze 
though a direct decussation that BvgA is a dimer is still 

lacking. 

TO study the di m erization o, Bv g A, a set of plasmids was 
constructed that encode various foments of the BvgA 
polypeptide fused to either ,25 or TIB. These plasmids were 
co - t ransformed in 0HP1 (Fig. 6, . and the level of functional 
complementation between the different chimeric proteins was 
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determined by measuring P -galactosidase activities. These 
results indicate that BvgA can indeed dimerize and that the 
critical region required for dimerization is localized within 

the central part of the protein. 

Exam ple 9 

A selection procedure was also established that will 
permit an easy screening for mutations that abolish the 
interaction between two hybrid proteins. This selection is 
based on the well established fact that E.coli cya' strains are 
resistant to phage X, whereas E.coli cya strains are 
sensitive. The.phage receptor, the LamB protein, is the 
product of the I»B gene, which is part of the maltose 
regulon; therefore, its expression requires cAMP. In 
consequence, cells producing cAMP will lyse when infected with 
Xvir. Molecules or mutations that abolish the interaction 
between two hybrid proteins will abrogate CAMP synthesis, and, 
therefore, the cells should become resistant to phage X. 

Quantification of resistance to phage Xvir has been 
performed in liquid Luria broth. Experimental conditions of 
infection that enable complete lysis of cAMP producing 
bacteria are the following: 

- multiplicity of infection: 2 to 10, 

- MgSO, concentration: 20 mM, 
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. incubation time at 37°C under aeration for 2 to 3 

hours. - - 

wtl bacteria were 9 rown overni 9 ht in the presence of 

Lu ria broth, and an ali.uot was irately infected wrth 

HiintPd and cultivated in the 
Xvir Another aliquot was diluted ana 

«. V7°r After 15 generations of growth, a 
absence of cAMP at 37 C. After 

• f he a hqence of cAMP has been 
sample of the bacteria grown m the absence 

in4 ected with x*r. Mter serial dilutions, bacteria were 
plat ed on solid L uria broth and counted. Out of 1.6 . 10 

I. were counted , w-eas out of 1.3 > lC bacterra 

of cAMP only 140 X-resistant clones 
grown in the presence of cAMP, only 

( „ of 10-, were found. T-e latter X-resistant 
cl ones were white on MacCon.ey maltose plates, suggesting 
they were cAMP-independent malT mutants . 

Pla smids useful for practicing this invention have been 
deposited at Collection Rationale de Cultures de 

•n Paris France on November 25, 1998, as 
Microorganismes m Paris, 

follows: 

^^"i on No.. 

pi asmid 

1-2092 

XL-1/PUT18 

1-2093 

XL-1/PUT18C 
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XL-1/PT25 1-2094 
XL-1/PKT25 1-2095 

As it appears from the teachings of the specification, the 
invention is not limited in scope to one or several of the 
above detailed embodiments; the present invention also embraces 
all the alternatives that can be performed by one skilled in 
the same technical field, without deviating from the subject or 
from the scope of the instant invention. 
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